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Bacterial peritonitis remains a serious complication of
peritoneal dialysis. Although Staphylococcus epidermidis is
the most common pathogen involved, infections with
Staphylococcus aureus lead to severe peritoneal damage and
are often associated with a dramatic loss of mesothelial cells.
Induction of cell death appears to be involved in peritoneal
damage and mesothelial cell loss during bacterial infections.
Using cultured human peritoneal mesothelial cells (HMCs),
we investigated the ability of different S. epidermidis and
S. aureus strains to damage the HMC monolayer and to
trigger cell death. We show that only a subgroup of live
S. aureus isolates, characterized by an invasive and
a-hemolysin-producing phenotype, induces cell death. None
of the tested S. epidermidis strains, which were not invasive
or hemolytic, had a cytotoxic effect. After host cell invasion, S.
aureus resided within phagocytic vacuoles, and HMCs were
apparently able to degrade staphylococci. However, even
after prolonged infection, a high percentage of S. aureus
remained alive within HMCs and might be released after host
cell death. Cell death induced by S. aureus was accompanied
by apoptotic alterations, such as DNA fragmentation, but
was independent of endogenous FasL and tumor necrosis
factor-a death ligand expression. Moreover, caspases were
not involved in S. aureus-induced mesothelial cell death.
In conclusion, our data indicate that mesothelial cell
death might represent a major mechanism of
S. aureus-induced damage of the peritoneum during
bacterial peritonitis.
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Bacterial peritonitis continues to be a major complication of
peritoneal dialysis and remains an important cause of
morbidity.1,2 Peritoneal dialysis is based on the selective
exchange that occurs across the large surface of the
mesothelium between the dialysate and the circulatory
system. Changes in the peritoneal lining, which are
significantly correlated with the number of peritonitis
episodes, compromise this technique and are a major cause
for transfer to hemodialysis.1–5 The use of a permanent
indwelling catheter and numerous bag exchanges facilitate
the entrance of microorganisms into the peritoneal cavity.
Most peritonitis episodes in patients result from touch
contamination during the exchanges or from catheter
infection, which often leads to peritonitis with a single
Gram-positive organism. Bacteria frequently found during
peritonitis are Staphylococcus epidermidis or S. aureus.2,6,7
Clinical studies have shown that especially patients with
S. aureus-associated peritonitis are most likely to develop
severe peritoneal lesions, whereas episodes due to coagulase-
negative staphylococci are generally milder and have a better
outcome.2,6,8,9
S. aureus can cause a wide spectrum of infections ranging
from superficial skin infections to life-threatening conditions
such as sepsis.10,11 Its pathogenicity is multifactorial and
largely dependent on extracellular and cell-wall-associated
proteins,11 which interact in diverse ways with host cells. A
major cytotoxin from S. aureus is a-hemolysin (a-toxin).10
S. aureus a-toxin is a pore-forming toxin that can activate
cells and cause cytolysis at high concentrations.12–14 Further-
more, most S. aureus strains can invade host cells and may
persist inside cells.15–17
In the peritoneal cavity, human peritoneal mesothelial
cells (HMCs) cover the peritoneal membrane. Besides their
function as a surface barrier, mesothelial cells play an
important role in peritoneal homeostasis and host defense
against infection.3,18 In this respect, it has been demonstrated
that mesothelial cells produce various inflammatory media-
tors,19 adhesion molecules,20,21 and components of the
fibrinolytic system,22,23 which contribute to resolve bacterial
peritonitis. However, repeated episodes of acute bacterial
peritonitis are often associated with a loss of mesothelial cells,
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promoting peritoneal fibrosis and membrane failure.3,24,25
This tissue damage is most likely owing to increased
mesothelial cell death, but the underlying mechanisms and
the bacterial and host factors involved are poorly understood.
Different forms of cell death including apoptotic, necrotic, or
autophagic cell death are distinguished mainly based on
morphological criteria.26,27 Recently, several microbial patho-
gens were found to interfere with different cell death
programs, and thereby might influence host immune defense
mechanisms, inflammatory reactions, and bacterial
spread.28–30
The present study was designed to investigate the ability of
staphylococci to induce mesothelial cell death. We demons-
trate that only certain S. aureus isolates destroy the
mesothelial cell monolayer and trigger mesothelial cell death.
Furthermore, we characterized the required bacterial viru-
lence factors and also assessed the contribution of apoptosis
and necrosis in S. aureus-induced death of human mesothe-
lial cells.
RESULTS
Only live S. aureus strains with an invasive and hemolytic
phenotype destroy the HMC monolayer and induce me-
sothelial cell death
To investigate the effect of S. aureus on mesothelial cell
survival, we incubated confluent mesothelial cell monolayers
with different live or formalin-fixed S. aureus strains. The
different strains were characterized for their invasiveness in
HMCs and for their hemolytic activity (a-toxin production),
as shown in Table 1. Following 24 h of incubation, live
S. aureus ST 239 (Figure 1) and strain 6850 (data not shown),
which are both characterized by a hemolytic and invasive
phenotype, destroyed the cell monolayer, which resulted
in rounding of the cells and their detachment from the
plastic surface. The other strains, including S. aureus
8325-4 (Figure 1) as well as Cowan I and Wood (data not
shown), did not affect the integrity of the monolayer.
Furthermore, loss of cell integrity required the presence of
live bacteria, but was not comprised by formalin-fixed
bacteria (Figure 1).
Measurement of cell viability by Trypan blue staining
(Table 2) and a 3-[4,5]dimethylthiazol-2,5-diphenyltetrazo-
lium bromide test (Figure 2) revealed that the effects of the
strains 6850 and ST 239 were accompanied by enhanced rates
of HMC death. S. aureus ST 239 decreased cell survival to
approximately 50% after 24 h and S. aureus 6850 to
approximately 70% in comparison to untreated control cells.
These effects were time-dependent and even more pro-
nounced after longer incubation time. Following 72 h after
incubation with the bacteria, cell viability was reduced
to 49.275.3 and 34.872.8% in HMCs stimulated with
S. aureus 6850 and ST 239, respectively (Figure 2b).
Mesothelial cell death induced by S. aureus is preceded by
the formation of hypodiploid nuclei
To investigate the role of apoptosis in S. aureus-induced
mesothelial cell death, we analyzed the formation of
hypodiploid DNA as a marker of apoptotic DNA fragment-
ation. To this end, confluent HMCs were incubated with
either live bacteria, formalin-fixed bacteria, or bacterial
supernatants of the various S. aureus strains, before DNA
fragmentation was assessed by flow cytometry. As shown in
Figure 3a, S. aureus 6850 and ST 239 induced formation of
Table 1 | Laboratory strains used in this study
Strain % Invasiveness Hemolysis Properties Reference or source
Cowan I 100 +/ NCTC8530 (isolated from septic arthritis) ATCC 12598
8325-4 28.677.0 ++ NCTC8325 cured of prophages Novick31
Wood 46 5.471.7 ++ SpA-deficient; NCTC7121 ATCC 10832
6850 101.478.3 ++ Wild-type isolate Proctor et al.32
ST 239, 635/93 87.874.3 ++ Wild-type isolate, MRSA Enright et al.33
MRSA, methicillin-resistant S. aureus.
All S. aureus strains were tested for invasiveness in HMCs and hemolysis. Invasion was determined by a flow cytometric invasion assay and is expressed relative to that of
Cowan I. Results represent means7s.e.m. of five independent experiments performed in duplicate. Hemolytic activity owing to a-toxin expression was determined on sheep
blood agar plates after 24 h and is listed semiquantitatively in four categories: , no hemolysis; +/, borderline; +, ++ effective hemolysis.
Control Live S. aureus 8325-4
Fixed S. aureus 8325-4
Live S. aureus ST 239 
Fixed S. aureus ST 239
Figure 1 | Effect of different live and formalin-fixed S. aureus
strains on HMC monolayers. Confluent HMCs were incubated
with live or formalin-fixed S. aureus (MOI 50). After 3 h of bacterial
invasion, live extracellular staphylococci were removed by washing
and incubation with lysostaphin (20 mg/ml, 30 min). Subsequently,
infected cells were supplemented with incubation medium and
kept in culture for 20 h. Formalin-fixed staphylococci remained on
the cells for 24 h. Control cells without added cocci were treated
exactly as cells coincubated with live S. aureus. The panels show
phase-contrast photomicrographs (original magnification  150).
The integrity of the HMC monolayer was not destroyed by the
strain 8325-4, but was severely compromised by ST 239. Similar
to strain ST 239, also S. aureus 6850 destroyed the monolayer,
whereas no effects on HMC integrity were observed following
incubation with S. aureus Cowan I and Wood (data not
shown).
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hypodiploid DNA in HMCs to a roughly similar extent as the
protein kinase inhibitor staurosporine, which was used as a
positive control for apoptosis induction. In contrast, DNA
fragmentation was not observed in cells treated with
formaldehyde or S. aureus Cowan I (Figure 3a). Furthermore,
as demonstrated in Figure 3b, only live, but not formalin-
fixed bacteria or bacterial supernatants of S. aureus 6850 and
ST 239 significantly increased the number of hypodiploid
nuclei (52.370.5% for S. aureus 6850; 83.270.9% for
S. aureus ST 239 vs 3.570.6% for controls). Obviously,
these high rates of hypodiploid nuclei preceded the rates of
cell death seen in the 3-[4,5]dimethylthiazol-2,5-diphenylte-
trazolium bromide test after 72 h (Figure 2b). The effects of
both S. aureus isolates were dose-dependent and maximal at a
multiplicity of infection (MOI) of 50 and higher (Figure 3c
and d). As bacterial peritonitis is often owing to infection
with S. epidermidis, we also tested the effect of several
S. epidermidis strains on DNA fragmentation in HMCs.
Figure 3e shows that, in contrast to S. aureus, none of the
S. epidermidis strains enhanced the number of hypodiploid
nuclei in HMCs. As S. epidermidis is not hemolytic and
invasive for HMCs (data not shown), these findings
support the hypothesis that only strains with an invasive
and hemolytic phenotype induce cell death in mesothelial
cells.
S. aureus can invade HMCs and survive within the host cell
To investigate whether S. aureus survives within host cells
after invasion, we incubated confluent HMCs for different
times with live S. aureus and enumerated the amount of
intracellular bacteria using a lysostaphin protection assay. As
shown in Figure 4a, strains Wood and 8325-4 were poorly
invasive and therefore resulted in a low recovery of live
bacteria. In contrast, we found high numbers of intact
intracellular bacteria of the strains Cowan I, 6850, and, in
particular, ST 239 following 4 h of incubation. A time course
revealed that the amount of intact staphylococci increased
during the first 8 h, suggesting that the bacteria can replicate
within the host cell. With longer incubation times, the
number of intact S. aureus decreased, especially for strain
ST 239. However, even after 30 h, a high percentage of bacteria
had survived within the host cells (Figure 4b). The decreased
number of intact intracellular bacteria might be explained by
an enhanced rate of HMC death (Figure 2 and Table 2), or by
the digestion of intracellular staphylococci in HMCs.
To gain more insight into these possibilities, we infected
HMCs with live bacteria of the strains Cowan I, 6850 as well
as ST 239, and processed the cells for transmission electron
microscopy. Following 4 h of incubation, we observed
morphological evidence of the typical invasion process in
host cells that we and others have described previously34,35
(Figure 5a). Invasion of bacteria started with their binding to
host cells,1 resulting in structural changes of the cell surface.2
Bacteria were engulfed by pseudopodia3 and were then found
in vacuoles within the cells without any signs of digestion4
(Figure 5a,b). In micrographs taken after 24 h of incubation
(Figure 5c), we observed different courses of infection
depending on the bacterial strains: (i) S. aureus Cowan
I remained within phagosomes without inducing visible cell
damage. (ii) Cells incubated with S. aureus ST 239 displayed
a destructed phenotype characterized by cell shrinkage,
vacuolization, nuclear shrinkage, and chromatin condensa-
tion. (iii) In cells incubated with S. aureus 6850, these
morphological alterations were less pronounced. In the
phagosomes of HMCs, intact as well as degraded bacteria
could be detected, suggesting that mesothelial cells
presumably digest bacteria (Figure 5d).
S. aureus-induced cell death differs from death
ligand-mediated apoptosis
Recently, it has been demonstrated that mesothelial cells
express the death receptor Fas and its ligand FasL and can
Table 2 | Effect of different live or formalin-fixed S. aureus strains on HMC membrane damage
Trypan blue-positive cells (%)
Control Cowan I 8325-4 Wood 6850 ST 239
Live bacteria 11.671.2 13.972.5 7.171.6 6.670.9 31.174.3* 48.077.4*
Fixed bacteria 10.370.9 8.971.8 4.071.1 2.570.4 5.672.8 3.170.8
Confluent HMCs were stimulated with live or formalin-fixed S. aureus (MOI 50) for 24 h as described in Figure 1. After trypsinization, the ratio of Trypan blue-positive and
-negative cells was determined. Incubation with 200 mM hydrogen peroxide was used as a positive control and resulted in 100% cell death. The values represent the
mean7s.d. of five independent experiments.
*Po 0.05 compared with untreated controls.
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Figure 2 | Cell viability of HMCs after treatment with live or
formalin-fixed S. aureus. Confluent HMCs were incubated with
different strains of (a) live and formalin-fixed S. aureus for 24 h and
(b) live S. aureus 6850 or ST 239 for the indicated time periods as
described in Figure 1. Cell viability was determined by a 3-
[4,5]dimethylthiazol-2,5-diphenyltetrazolium bromide test. The values
represent the mean7s.d. of one representative experiment out of
three performed in triplicate.
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undergo FasL- and tumor necrosis factor-a (TNF-a)-induced
apoptosis.36,37 However, we observed that even high con-
centrations of FasL (100 ng/ml) together with TNF-a
(2000 U/ml) caused apoptotic DNA fragmentation to a lesser
extent than the S. aureus strains 6850 or ST 239 (Figure 6a).
Furthermore, formation of hypodiploid nuclei induced by S.
aureus was not inhibited by neutralizing Fas antibodies
(Figure 6b), indicating that S. aureus induces apoptotic
alterations independently of FasL expression. Death ligands
such as FasL and TNF provoke apoptosis upon binding to
their death receptors and activation of caspases.36–38 As
assessed by Western blot analysis, we did not detect any
significant proteolytic processing and activation of caspase-8,
-3, and -9 in cells infected with S. aureus 6850 or ST 239 (data
not shown). In addition, two caspase inhibitors, Q-VD-OPH
(Q-Val-Asp-CH2-O-Ph) or zVAD-fmk (N-benzyloxycarbonyl-
Val-Ala-Asp(OMe)-fluoromethylketone), failed to interfere
with apoptotic alterations induced by S. aureus in HMCs
(Figure 7a). However, consistent with a previous report, both
caspase inhibitors efficiently prevented apoptosis triggered by
S. aureus a-toxin in freshly isolated mononuclear blood cells
(Figure 7b).12 These results, therefore, indicate that S. aureus-
induced cell death in HMCs is independent of caspase
activation.
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Figure 3 | Effects of different strains of S. aureus and S. epidermidis on apoptotic DNA fragmentation. Confluent HMCs were stimulated
(a, b) with staurosporine (1 mM), formaldehyde (3%), live or formalin-fixed staphylococci (MOI 50) or (c) with bacterial supernatants (10% vol/vol),
with increasing doses of live bacteria of the strains 6850 or (d) ST 239, and (e) with different laboratory S. epidermidis strains (MOI 50).
Invasiveness of the different S. epidermidis strains was always found to be less than 3% relative to S. aureus Cowan I (data not shown). After
24 h of incubation, the proportion of apoptotic cells (M2) was determined by flow cytometric analysis of hypodiploid DNA. Incubation of
the cells with staurosporine and formaldehyde (a) served as positive and negative controls for apoptosis, respectively. The values (b–e)
represent the mean7s.d. of one representative experiment out of three performed in triplicate.
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To further investigate whether S. aureus-induced cell death
is related to apoptosis or necrosis, we performed flow
cytometric analyses of cells double-stained with propidium
iodide and annexin V-fluorescein isothiocyanate in order to
detect necrotic cell membrane damage and apoptotic
phosphatidylserine (PS) exposure, respectively. In contrast
to staurosporine treatment (data not shown), incubation of
HMCs with S. aureus 6850 and ST 239 did not result in PS
exposure but in cellular uptake of propidium iodide that
became increasingly detectable during the course of HMC
infection (Figure 8). Thus, these data indicate that S. aureus
does not induce all typical alterations of apoptosis, but rather
triggers necrotic cell death of HMCs.
DISCUSSION
Bacterial peritonitis remains a frequent complication of
peritoneal dialysis and is a leading cause of morbidity.1,2
Upon bacterial contamination, the mesothelial cells are the
first line of defense. An intact mesothelium, which can
adequately react to inflammation and contribute to an
immunological response, is vital to eradicate bacterial
infections.18 However, in conditions of severe infections, a
fibrotic and damaged peritoneum with loss of mesothelial
cells is often found in biopsy specimens, in particular from
patients receiving long-term peritoneal dialysis.39,40 These
changes in the peritoneal lining are essentially caused by
recurrent episodes of peritonitis.3,24 Whereas S. epidermidis is
the most common cause of peritonitis, S. aureus infections
are generally more serious and more frequently harm the
peritoneum.1,8
In the present study, we stimulated primary HMCs with
various laboratory strains of S. aureus and S. epidermidis to
mimic bacterial peritonitis in vitro. We could demonstrate
that only live bacteria of S. aureus strains with an invasive and
hemolytic (a-toxin producing) phenotype destroy the
mesothelial cell monolayer and significantly induce HMC
death. Unlike with S. aureus, cytotoxic effects were not
triggered by any S. epidermidis strain, which are non-invasive
and do not produce a-toxin. These factors might account for
the better outcome of peritonitis caused by coagulase-
negative staphylococci.2 Our results on mesothelial cells are
in line with recent data obtained in epithelial and endothelial
cells, demonstrating that cell death induction requires
staphylococcal invasion as well as signals from metabolically
active intracellular staphylococci.15,17,41–43 In previous stu-
dies, we and others have identified S. aureus a-toxin as an
important virulence factor involved in induction of cell
death.12,14,17,42,44 S. aureus a-toxin is a pore-forming toxin
that can cause cytolysis and necrosis at higher concentra-
tions,45 whereas sublytic concentrations generate small,
monovalent cation-selective pores leading to cell activation
and apoptosis.13,14,46 However, besides a-toxin, the ability of
selected S. aureus strains to trigger cell death is obviously
determined by multiple virulence factors.17 We demonstrate
that after host cell invasion, a high number of intact
intracellular bacteria is associated with an increased rate of
host cell death. Although mesothelial cells appear to be able
to digest bacteria,47 we could still detect intact staphylococci
within host cells after prolonged incubation (30 h). This
finding can be explained by an increased resistance to cellular
digestion and/or an enhanced rate of bacterial replication
within the cells. By maintaining an intracellular location,
bacteria are not only protected from host defense mechan-
isms and antibiotic treatment, but could also form a nidus
for recurrent infections.
To explore the mode of S. aureus-induced cell death of
HMCs and to distinguish between apoptosis and necrosis, we
investigated various characteristic features of apoptosis
including the formation of hypodiploid nuclei, PS externa-
lization, and caspase activation. The formation of hypo-
diploid nuclei can be caused by the activation of caspase-
activated DNase and other endonucleases. Indeed, we could
observe formation of hypodiploid nuclei in mesothelial cells
in response to S. aureus 6850 and ST 239. However,
externalization of PS, another apoptotic feature, could not
be detected in mesothelial cells following incubation with S.
aureus. Recently, it has been demonstrated that mesothe-
lial cells are sensitive to apoptosis triggered by FasL and
TNF-a.36,37,48 These cytokines bind to cellular death
receptors and trigger apoptosis via activation of caspases.38
However, in our experiments, the effect of S. aureus on
mesothelial cell death appeared to be independent of FasL
expression and binding to its receptor. Furthermore, we
0.0E+00
1.0E+06
2.0E+06
3.0E+06
4.0E+06
Co
wa
n I
83
25
-4
Wo
od
68
50
ST
23
9
4 h
24 h
R
ec
ov
e
re
d 
in
tra
ce
llu
la
r
ba
ct
er
ia
 (C
FU
/m
l)
R
ec
ov
e
re
d 
in
tra
ce
llu
la
r
ba
ct
er
ia
 (C
FU
/m
l)
a
0.0E+00
5.0E+05
1.0E+06
1.5E+06
2.0E+06
2.5E+06
3.0E+06
0 4 8 12 16 20 24 28 32
6850
ST 239
Time (h)
b
Figure 4 | Intracellular survival of staphylococci in HMCs.
Confluent HMCs were stimulated with live staphylococci as
described in Figure 1. (a) After 4 and 24 h or (b) after different
time points (4–30 h), the number of internalized live bacteria was
determined using the lysostaphin protection assay. The values
represent the mean7s.e.m. of four independent experiments
performed in triplicate.
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could neither detect caspase activation nor was the effect of S.
aureus prevented by caspases inhibition. Thus, these results
indicate that the mechanism of S. aureus-induced cell death is
different from the proapoptotic effect of death receptors and
independent of caspase activation.
Recent studies in different cell types revealed that
programmed cell death might be controlled by a multitude
of different pathways that can trigger distinct morphological
forms of cell death.49 Thereby, not only caspases but also
several other proteases can execute programmed cell
death.49,50 Furthermore, it has been shown that many stimuli
that promote caspase-dependent apoptosis can also provoke
other forms of cell damage and necrosis.49 In this respect,
S. aureus a-toxin induces caspase activation and apoptosis
at low concentrations,12,44 whereas higher doses result in
necrotic cell death, which is not prevented by caspases
inhibitors.45 It must be also considered that in addition to
a-toxin a large number of virulence factors act in concert and
most likely influence different cell death programs. Thus, it is
reasonable to speculate that S. aureus-induced death of
mesothelial cells involves some apoptotic features, but is
rapidly followed by necrotic alterations. This would also
imply that inhibition of caspases has presumably a limited
therapeutic potential in order to prevent the loss of
mesothelial cells during peritonitis.
Taken together, our results reveal that certain S. aureus
strains with an invasive and hemolytic phenotype trigger
mesothelial cell death. A high number of intact intracellular
bacteria is associated with a high rate of cell death. Although
S. aureus induces characteristic apoptotic changes in
mesothelial cells, cell death is rather executed by necrosis.
Our data indicate that induction of mesothelial cell death
might represent a major mechanism of S. aureus to harm the
peritoneum during peritonitis and cause persistent tissue
damage.
MATERIALS AND METHODS
Materials
M199 medium, streptomycin, penicillin ,and newborn calf serum
were obtained from GIBCO (Grand Island, NY, USA); tissue culture
plastics were from Costar (Cambridge, MA, USA). Human serum
and endothelial cell growth supplement were from PromoCell
(Heidelberg, Germany). Collagenase type II was purchased from
Worthington (Freehold, NY, USA) and fibronectin from human
serum and trypsin from Boehringer Mannheim (Mannheim,
Germany). Purified S. aureus a-toxin that appeared as a single band
on a sodium dodecyl sulfate-polyacrylamide gel44 and staurosporine
were from Sigma (Taufkirchen, Germany). Lysostaphin was
obtained from Applied Microbiology (Brooklyn, NY, USA) and
TNF-a from Calbiochem (Bad Soden, Germany). FasL and
neutralizing anti-Fas antibodies were obtained from Alexis (San
Diego, CA, USA).
Bacterial strains and cultures
The staphylococcal strains used in this study are listed in Table 1.
The S. aureus strains 6850 and ST 239, 635/93 were kindly provided
by RA Proctor (Madison, WI, USA)32 and MC Enright (Bath,
UK),33 respectively. Bacterial supernatants and formaldehyde-fixed
bacteria were prepared as described.12,17
Cell culture
HMCs were isolated from omental tissue of consenting patients
undergoing elective surgery and characterized as described pre-
viously.22,23 The experimental protocol was approved by the local
ethics committee. HMCs were grown in fibronectin-coated dishes in
M199 medium supplemented with 20 mM HEPES (N-2-hydro-
xyethylpiperazine-N0-2-ethanesulfonic acid) (pH 7.4), 2 mM gluta-
mine, 10% human serum, 10% newborn calf serum, endothelial cell
growth supplement (150 mg/ml), 5 IU/ml heparin, penicillin
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Figure 6 | Death ligand-induced apoptosis is different from
S. aureus-triggered cell death. (a) HMCs were either left untreated
or incubated with a combination of TNF-a (2000 U/ml) and FasL
(50 ng/ml), or with live S. aureus 6850 or ST 239. (b) Neutralizing
anti-Fas antibodies (10 mg/ml) were added to the cells before
bacterial invasion. After 24 h, the proportion of apoptotic cells was
determined by flow cytometry. The values represent the mean7s.d.
of one representative experiment out of three performed in triplicate.
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Figure 7 | S. aureus-induced cell death is not prevented by
caspase inhibition. (a) Confluent HMCs were either left untreated or
incubated with live S. aureus 6850 or ST 239 in the presence or
absence of Q-VD-OPH (50 mM). (b) As a positive control for the caspase
inhibitor, freshly isolated human mononuclear cells were incubated
with S. aureus a-toxin (30 ng/ml) in the presence or absence of
Q-VD-OPH (50 mM). The caspase inhibitor was added to the cells
30 min before incubation with staphylococci or a-toxin. After 24 h,
the proportion of hypodiploid cells was determined by flow
cytometry. The values represent the mean7s.d. of a representative
experiment out of three performed in triplicate. Similar results were
obtained with the caspase inhibitor zVAD-fmk (data not shown).
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(100 IU/ml), and streptomycin (100 mg/ml) at 371C in a 5% CO2
atmosphere. For the experiments, confluent cultures with ‘cobble-
stone’ appearance were used at the second or third passage. One day
before experiments, HMCs were supplemented with incubation
medium, M199 with 20 mM HEPES (pH 7.4), 10% human serum,
2 mM glutamine, and antibiotics. Under these conditions, the cells
remained in a non-proliferative, viable state. Human mononuclear
cells were freshly isolated from heparin-treated blood of healthy
donors and cultured as described.12
Cell culture experiments
For the different experiments, confluent HMCs were incubated with
FasL and TNF-a at the indicated concentrations, 1 mM staurosporine,
10% of bacterial supernatants, or with live or fixed bacteria at
the indicated concentrations. To determine the influence of live
S. aureus on mesothelial cell survival, confluent HMCs were washed
with M199 and then invasion medium (1% human serum albumin,
10 mM HEPES, pH 7.4, in M199) was added to the cells. Cells were
preincubated for 30 min at room temperature to allow sedimenta-
tion of cocci and were then shifted to 371C for 3 h for cell invasion.
After washing in phosphate-buffered saline, lysostaphin (20 mg/ml)
was added to the cells for 30 min to lyse extracellular or adherent
staphylococci. Cells were then washed and supplemented with fresh
incubation medium. After the indicated times, cells were harvested
by trypsinization and analyzed by flow cytometry, Western blotting,
colorimetric caspase assays, and microscopy.
Measurement of mesothelial apoptosis and necrosis
Different methods were used to assess the mechanism of S. aureus-
induced cell death and to differentiate between apoptosis and
necrosis. Cell viability was tested by Trypan blue exclusion, light
microscopy, and by a 3-[4,5]dimethylthiazol-2,5-diphenyltetrazolium
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Figure 8 | S. aureus-induced cell death is not accompanied by PS exposure. Confluent HMCs were either left untreated or were incubated
with live S. aureus 6850 or ST 239. After the indicated times, cells were double-stained with propidium iodide to detect necrosis-like
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bromide test (Chemicon International, Hampshire, UK). Induction
of apoptosis was determined by flow cytometric measurement of
hypodiploid nuclei.12,17,44,51 Briefly, HMCs plated in 12-well plates
were incubated for 20 h with the indicated concentrations of FasL,
TNF-a, staurosporine, bacterial supernatants, or live and fixed
bacteria (MOI 50). Cells were stained with the DNA-dye propidium
iodide and analyzed with a FACScalibur flow cytometer (Becton
Dickinson, Heidelberg, Germany). Exposure of PS at the cell surface,
which occurs in the early stage of apoptotic cell death, was assessed
using an annexin V-fluorescein isothiocyanate apoptosis detection
kit (Beckman Coulter, Krefeld, Germany). Following incubation of
1 106 cells with the indicated death stimuli, cells were detached
from the microplate wells with a trypsin-EDTA solution, washed,
and analyzed for annexin V and propidium iodide staining by flow
cytometry according to the manufacturer’s instructions.
Caspase activities were determined for caspase-3, caspase-8, and
caspase-9. To this end, cell extracts were prepared from 106 cells and
analyzed for caspase activities using colorimetric protease assays
(BioSource, Camarillo, CA, USA). Additionally, cell extracts were
separated on sodium dodecyl sulfate-polyacrylamide gels and
subjected to Western blotting for analysis of caspase activation as
described.44 In addition, caspase involvement in mesothelial cell
death was evaluated by using the two irreversible broad-spectrum
caspase inhibitors Q-VD-OPH and zVAD-fmk. Both caspase
inhibitors, which were obtained from MP Biomedicals (Heidelberg,
Germany), were tested not to interfere with the survival and
replication of bacteria.
Flow cytometric invasion assay
The flow cytometric invasion assay was performed as described
previously with minor modifications.34 Briefly, HMCs were plated at
a density of 2 105 cells in 12-well plates. Cells were washed with
Dulbecco’s modified Eagle’s medium and then 0.5 ml of 1% human
serum albumin, 10 mM HEPES (pH 7.4) in Dulbecco’s modified
Eagle’s medium, and 50 ml of fluorescein isothiocyanate-labeled
bacterial suspension (OD540 1) were added to the cells. Culture
dishes were preincubated for 30 min at room temperature to allow
sedimentation of bacteria and were then shifted to 371C for 3 h.
Cells were analyzed by flow cytometry as described.34,35 The
invasiveness of the laboratory strain Cowan I was set as 100%.
Lysostaphin protection assay
Internalization and intracellular replication of live bacteria was
determined as described.15,34 Briefly, HMCs were plated at 2 105
cells in 12-well plates and stimulated with live bacteria. After a 3 h
invasion period, washing, and lysostaphin treatment, the cells were
supplemented with incubation medium containing antibiotics to kill
extracellular bacteria. After different incubation periods (4–30 h),
cells were washed with phosphate-buffered saline and lysed in 1 ml
H2O after trypsinization. To determine the number of colony
forming units, serial dilutions of the cell lysates and the culture
supernatants were plated on Mu¨ller–Hinton agar plates and
incubated overnight at 371C.
Transmission electron microscopy
For transmission electron microscopy, cells were incubated with live
staphylococci for 4 and 24 h. The HMC monolayers were washed
three times with phosphate-buffered saline, fixed in 3% glutaralde-
hyde, stained in 1% osmium tetroxide, and embedded in epoxy resin
in the culture dish in situ. Electron micrographs were obtained using
imaging plate technology (DITABIS, Pforzheim, Germany).
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